Exposing the coral Stylophora pistillata to seawater depleted in available iron by complexation with the strong chelator desferrioxamine B reduces the photosynthetic efficiency and alters the pigment composition in its symbiotic algae at high temperatures. Similar effects of iron limitation are known for free-living algae, but this is the first demonstration of low-iron stress in a dinoflagellate living endosymbiotically. Maintaining corals at elevated temperature (30uC and 31uC) under diminished iron availability leads to reduced maximum quantum yields (F v : F m ) of photosystem II (PSII), specifically on brightly illuminated surfaces of the coral. This reduction in maximum quantum yield is due in part to increased photoprotection, indicated by an increase in the photoprotective xanthophyll diatoxanthin, which promotes nonphotochemical quenching of excess light energy to restrict oxidative damage under conditions that impair photosynthetic electron transfer. However, photophysiological changes associated with the lowered maximum quantum yield did not prevent photodamage to PSII under the combined effects of elevated temperature and low iron availability, as shown by the decrease in maximum (F m ) that was not accompanied by significant change in the minimum (F o ) fluorescence yield. All of the foregoing is consistent with the potential of iron limitation to contribute to the underlying conditions by which thermal stress evokes the physiological response by corals that culminates in the symbiotic dysfunction of natural bleaching.
The persistence and paradoxical productivity of modern coral reefs in oligotrophic tropical seas rest in the great diversity of reef-building scleractinians that owe their success to a mutualistic exchange of nutrients between the coral hosts and their coevolved endosymbiotic algae, typically dinoflagellates of the genus Symbiodinium. Metabolic wastes of the coral are utilized by its endosymbiotic algae for the production of photosynthetically reduced carbon metabolites that are shared with the host (Muscatine 1990; Stanley 2006) . Environmental conditions that reduce the productivity of coral photosynthesis tend to be destabilizing, in extreme cases leading to the loss of endosymbionts or their pigments (the condition known as coral bleaching), and ultimately to the death of the colony if the symbiosis is not re-established (Glynn 1996) . Such perturbations of the partnership ultimately may have caused the collapse of reefs and mass extinctions of scleractinians throughout the Phanerozoic (Stanley and van de Schootbrugge 2009) .
Geographically widespread mass bleaching of coral reefs has been unambiguously linked to prolonged periods (days to weeks) of summer temperatures 1-2uC above the longterm maximum for the area affected (Hoegh-Guldberg 1999; Lough 2000; Jokiel 2004 ). The mass bleaching of corals is an extreme response to severe conditions that is superimposed on the normal adjustments of the algal population in the host's tissues during acclimatization to local and seasonal variations in the thermal, nutrient, and photic environments of a coral reef (Fitt et al. 2009 ). Even so, elevated temperatures alone are often not sufficient to cause bleaching, and the specific biological mechanisms underlying the destabilization of coral-endsymbiont partnerships remain to be fully elucidated.
The emerging consensus on coral bleaching relates high temperatures and solar irradiances to oxidative stress created when overreduced photosystems of the algal endosymbionts produce excessive levels of reactive oxygen species (ROS) that overwhelm the antioxidant defenses in the algae and their coral host, thereby leading to damage and loss of endosymbionts (reviewed by Hoegh-Guldberg 1999; Lesser 2006; Weis 2008) . Therefore, because the major enzymic antioxidants in algae, including endosymbiotic dinoflagellates, are metalloenzymes (CuZn-superoxide dismutase [CuZn-SOD] , Mn-SOD, Fe-SOD, and ironcontaining catalase and ascorbate peroxidase) (Asada 1999; Raven et al. 1999; Richier et al. 2005) , we hypothesize that the stress contributing to coral bleaching is enhanced by a limitation in the bioavailability of iron and other trace metals essential to antioxidant defenses, manifested in phytoplankton as the loss of primary production (Palenik et al. 1991; Peers and Price 2004; Allen et al. 2007) .
The basis for the inadequacy of the normally robust antioxidant defenses of algae under exceptionally stressful conditions has not been critically addressed in the context of coral bleaching. Corals in tropical seas characteristically experience low levels of inorganic nutrients (Muscatine and Porter 1977) and low concentrations of essential trace metals (Measures and Vink 1999; Obata et al. 2008; M. L. Wells unpubl.) , so that like other microalgae and cyanobacteria on coral reefs and phytoplankton in the surrounding waters, the photosynthetic efficiency of endosymbiotic dinoflagellates may be limited during metal-deficient conditions (Entsch et al. 1983; Sakka et al. 1999 ). This limitation may be pronounced because the host will tightly regulate trace-metal speciation and intracellular availability of free metal ions (e.g., via the iron-sequestering protein ferritin: Csá szá r et al. 2009) to avoid their cytotoxic effects (Weinberg 1999; Ferrier-Pagès et al. 2001; Gaetke and Chow 2003) . Such trace-metal limitation may become more acute during thermal stratification in summer when microbial competition for metals in surface waters would be intense.
The coincident effects of water-column stratification and decreased metal availability under high insolation might help to explain the patchiness of coral bleaching under apparently uniform thermal stress. For example, spatial analyses of the 1998 and 2002 mass bleaching events on the Great Barrier Reef (GBR), Australia, showed that coral bleaching over scales of tens of kilometers of apparently uniform temperature was not spatially consistent but displayed a patchiness that might arise from local oceanographic conditions (Berkelmans et al. 2004; Wooldridge and Done 2004 ) that could influence, among other variables, trace-metal distributions. Even so, considering the metals' multifarious roles in the metabolic redox biochemistry of phototrophs (Raven et al. 1999) , the effects of trace-metal limitation on defenses against oxidative stress may be just one factor contributing to the complex symbiotic dysfunction of coral bleaching.
Although strong iron chelators experimentally added to seawater can induce iron limitation in phytoplankton (Wells et al. 1994; Hutchins et al. 1999; Wells and Trick 2004) , such experiments have yet to be performed on symbiotic corals. It is therefore unknown how symbiotic algae in hospite may respond to iron depletion in the seawater bathing the host coral, although exogenous iron enrichment is known to cause an increase in the surface areal density of dinoflagellates in the coral Stylophora pistillata (Ferrier-Pagès et al. 2001 ). Herein we report the results of initial experiments on the effect of chronic iron restriction at different experimental temperatures on maximum quantum yield in photosystem II (PSII) (F v : F m ) in dinoflagellates in two colonies of S. pistillata from reefs separated by . 100 km in the central GBR. We also present data on the concentrations of photosynthetic pigments and photoprotective xanthophylls in symbiotic dinoflagellates isolated from these colonies to afford biochemical evidence for nonphotochemical quenching (NPQ) of excess photon energy, which presumably reduces the production of ROS under chronically iron-limited conditions.
Methods
Collection and maintenance of corals-A colony of S. pistillata Esper, 1797 was collected in early January 2008 on Davies Reef, central GBR, Australia (18u49.3349S, 147u37.7309E), at a depth of 10.5 m, where the water temperature was 28.4uC. Midday levels of photosynthetically available radiation (PAR, 400-700 nm) at the collection site, measured at the depth of the collected colony, ranged from , 100 to 500 mmol photons m 22 s 21 . The coral subsequently was maintained at the Australian Institute of Marine Science (AIMS), Townsville, in an outdoor tank of flowing seawater at 27-28uC under a translucent roof and additional shade cloth that reduced maximum PAR to 80-100 mmol photons m 22 s 21 .
In early February 2008 multiple nubbins approximately 4 to 5 cm long were cut from the colony, suspended individually on 0.25-mm-diameter nylon monofilament line, and allowed to recover in the holding tank. Heavy rains in February diluted the coastal seawater pumped into the holding tank, where salinity was approximately 30 for 2 weeks. When the salinity continued to fall, the flow rate into the tank was reduced and the natural seawater was supplemented thrice daily with a brine prepared from commercial swimming pool salts (99% NaCl, no anticaking agent added) to maintain the salinity at 30-32; at no time did the salinity drop below 27.4, and the corals evinced no paling from low-salinity stress. When experiments were commenced on these nubbins in late February, they were considered fully acclimatized to a salinity of 30 and the experiments were conducted at this salinity to avoid osmotic shock.
A second colony of S. pistillata was collected in late March 2008 at Pelorus Reef adjacent to Orpheus Island, central GBR (18u39.3119S, 146u29.6799E) at a depth of 6 m. The coral was maintained in the outdoor holding tank described above in normal salinity at 27-28uC and 80-100 mmol photons m 22 s 21 . In mid-April multiple nubbins were cut from vertical branches of the colony and suspended using nylon monofilament. To prevent the proliferation of endolithic algae and bacteria seen in the earlier experiment using coral collected from Davies Reef (see below), the cut surfaces of the Orpheus Island nubbins were sealed immediately with waterproof epoxy (Mr. Sticky's 001327 Underwater Glue, Advanced Adhesion). The slow healing of cut surfaces in S. pistillata was not simply a reflection of salinity stress on the Davies Reef colony, but also occurred in colonies from several other sites under optimal conditions. Coral tissue immediately adjacent to the epoxy remained brown and apparently healthy. The nubbins from the Orpheus Island colony were then allowed to recover for 3 weeks in an indoor aquarium with flowing seawater filtered to 1 mm at 26.5uC, at an irradiance of 50 mmol photons m 22 s 21 . Nubbins were fed twice weekly on freshly hatched brine shrimp nauplii during the recovery period.
Experimental apparatus-Both experiments were conducted in low-density polyethylene chambers (700 mL, Sistema Plastics) containing 300 mL of 0.5-mm-filtered seawater. Before use, the experimental chambers were cleaned of trace-metal and organic contaminants by an initial wash with a low-residue detergent (Extran MAO3; Merck), followed by soaking with 3 mol L 21 trace-metalanalytical-grade HCl (Fisher Scientific) for a minimum of 1 week. The chambers then were successively rinsed a minimum of four times with Milli-Q (Millipore) deionized water and stored in 10% trace-metal-grade HCl in deionized water for . 1 week. Chambers finally were rinsed three times with deionized water and once with the specific treatment media immediately before the experiments.
Each chamber was fitted with plastic hooks attached to the lid from which coral nubbins were suspended in the contained seawater via the monofilament tethers. Nubbins cut from the Davies Reef colony were suspended with their long axis horizontal, giving each experimental nubbin a top, diurnally brightly illuminated surface and a bottom, shaded surface. Nubbins from the Orpheus Island colony were suspended vertically in the light field, with the branch tips uppermost, in the normal growth position. The seawater was continuously mixed in the chambers (sealed by lids with silicone gaskets and clips) by bubbling with air delivered from an aquarium pump utilizing an in-line filter (0.45 mm) to prevent entry of any particulate contaminants; the air exited via a syringe filter (0.4 mm) press-fitted into the lid of each chamber. Treated seawater in the chambers was replaced daily.
The sealed experimental chambers were ballasted externally and placed in four tanks (four chambers per tank) of flowing seawater (1.5 L min 21 ) where the temperature was regulated to 6 0.1uC. Room temperature was held at 24-25uC, and fans circulated air across the exposed, sealed tops of the experimental chambers as an additional measure to reduce heating of the chambers during illumination. Each experimental treatment (see below) was split among four separate chambers, each containing two nubbins, and the chambers for each treatment were distributed between the appropriate seawater tanks that served as temperaturecontrolled water baths set at low and high temperatures.
Illumination during a 12 : 12 light : dark cycle was provided by a 400-W metal halide lamp (BLV) suspended above each tank. Neutral-density filters (plastic diffusers) were interposed between the lamps and the tanks. PAR (measured inside the chambers) averaged , 100 mmol photons m 22 s 21 in the preliminary experiment using the Davies Reef specimen, and , 150 mmol photons m 22 s 21 in the experiment conducted on the Orpheus Island coral. These relatively low irradiances, although above photosynthetic saturation for shade-acclimatized colonies of this species (Jones and Hoegh-Guldberg 2001) , were chosen to prevent the onset of high-light-induced bleaching (Starcevic et al. 2010 ) and allowed for long-term experimentation. No significant variation in the internal irradiance was measured among the chambers before the experiment and to insure a uniform integrated irradiance among the treatments, chambers were rotated daily among marked positions in the baths under the lamps. Each lamp was fitted with a 5-mm-thick Schott ROBAXH glass ceramic filter to remove ultraviolet wavelengths. No detectable ultraviolet-B radiation (measured using an International Light IL1400A radiometer and SEL240B sensor) reached the chambers, and ultraviolet-A measured beneath the chamber lids was only 25 mW cm 22 (IL1400A radiometer and SEL033 sensor).
Experimental protocol-Experiments involved four treatments: low temperature (28uC with the Davies Reef colony and 27uC with the Orpheus Island colony) in normal seawater (effectively a control, nonstressful condition [Low-SW]); low temperature in seawater to which the strong iron chelator desferrioxamine B (DFB, SigmaAldrich) was added at a final concentration of 300 nmol L 21 to restrict iron availability ([Low-DFB] Wells et al. 1994; Wells and Trick 2004) ; high temperature (30uC with the Davies Reef colony, and 30uC, then 31uC, with the Orpheus Island colony) in normal seawater (High-SW); and high temperature in seawater with 300 nmol L 21 DFB added (High-DFB). DFB limits iron uptake in phytoplankton at concentrations equimolar to the total dissolved Fe concentrations in surface seawater (Wells et al. 1994; Wells and Trick 2004) , but the iron concentrations in the flowing seawater source for these incubations would be higher and variable from both contamination in the seawater distribution system and the effects of tides and currents on the shallow intake water. We therefore chose to use an overwhelming DFB concentration to ensure that all labile (reactive) iron in the filtered seawater would be bound in DFB-Fe complexes.
For the experiment using the Davies Reef coral, n 5 6 nubbins in each treatment, whereas for the experiment using Orpheus Island coral, n 5 8 nubbins in each treatment. In the former case, two of the four chambers in each experimental treatment held two nubbins each, and the other two chambers each held one nubbin. In the latter case all four chambers housed two nubbins. Corals in both experiments were allowed 3 d to adjust to the experimental chambers containing unmodified seawater placed in the seawater baths at 28uC (Davies Reef colony) or 27uC (Orpheus Island colony) at the irradiance selected for the particular experiment. Initial measurements of chlorophyll fluorescence (see below) were made on days 22 and 21 (i.e., for 2 d before the application of experimental conditions). On day 0 of the experiment with the Davies Reef specimen, DFB was added to the appropriate chambers to produce iron-limited conditions and the temperature was ramped up from 28uC to 30uC during 4 d (0.5uC d 21 ) and then maintained at 30uC for the rest of the experiment, which was terminated on day 11. On day 0 of the experiment with the Orpheus Island colony, DFB was added and the temperature was ramped from 27uC to 30uC over 4 d (0.75uC d 21 ) and held at 30uC until day 10, when temperature was further increased to 31uC over 4 d (0.25uC d 21 ). Temperature was held at 31uC from day 14 until day 19, when the experiment was terminated.
Measurement of chlorophyll fluorescence-''Dark-adapted'' maximum quantum yield in PSII (a measure of photosynthetic efficiency), calculated as the ratio of variable (F v 5 maximal F m 2 minimal F o ) chlorophyll fluorescence to maximal chlorophyll fluorescence (F v : F m ), was measured daily from day 0 until the end of each experiment by pulse amplitude modulation (PAM) fluorometry using a Diving-PAM instrument (Walz). All measurements were made during the final 3 h of the 12-h dark period. Experimental chambers were removed from the temperature baths in the dark and transported in a dark, insulated container to a darkened trace-metals-clean room.
The clean room was fabricated within a standard laboratory using wood framing, plastic sheeting, and a downward-directed 0.61-3 1.22-m high-efficiency particle filter and fan module ducted to draw air (19.8 m 3 min 21 ) from outside the enclosure through the filter, thereby generating a positive-pressure workspace. The bench area directly beneath the module was curtained off with plastic sheeting to create an ultraclean work surface. The chambers were transported first to plastic-covered bench space in the clean room, the outer chamber surfaces rinsed with deionized water and wiped dry with low-lint tissues, and finally moved to the ultraclean work surface where they were opened for measurements. Working entirely on the ultraclean bench, the variable chlorophyll fluorescence of each coral nubbin was measured using a custom-made clip to hold the tip of the fiber-optic probe from the Diving-PAM at a fixed distance and angle from selected areas of the nubbin surface (see fig. 3 in Warner et al. 2010) .
The PAM measurements were made at several discrete points on both the top (diurnally illuminated) and bottom (shaded) surfaces of the nubbins cut from the Davies Reef specimen. Equal numbers of measurements for top and bottom surfaces were combined to give the response of the entire nubbin. The PAM measurements were made at several points around the periphery along the full length of the nubbins cut from the Orpheus Island specimen, and no distinction was made between the sampling points. The appropriate seawater (equilibrated at the experimental high or low temperature, with or without added DFB) in each experimental chamber was replaced after the daily PAM measurements, and the chambers were returned to the seawater baths before the onset of the light phase. The position of each chamber in the bath was changed daily to insure uniformity of sample irradiation. The experiments were terminated when F v : F m values dropped below 0.5, or if the nubbins began to slough tissue.
Isolation of dinoflagellates-On day 0 and at the end of the experiment on the Orpheus Island colony of S. pistillata, tissue was stripped from four nubbins using a jet of compressed air in normal, filtered (0.22-mm pore size) seawater and recovered quantitatively for subsequent counting and biochemical analysis of the algae. The slurry containing algae and disrupted host tissue was passed through a 25-mm Nitex mesh and then centrifuged at 750 3 g for 10 min at 4uC. Pellets of these freshly isolated algae were resuspended and washed twice in 0.22-mm-filtered seawater with centrifugation between washes. The algae were isolated and cleaned under dim ambient illumination (5 mmol photons m 22 s 21 or lower). Quantified portions of the washed algae were taken for counting for the determination of algal pigments and for flow cytometric analysis (K. Iglic unpubl.). Algal cells destined for pigment analysis were frozen at 280uC and a portion was retained for genotypic identification of the clade to which the symbiotic dinoflagellates belonged.
Pigment analyses-Frozen pellets each containing approximately 1-2 3 10 5 dinoflagellates (determined by counting a portion of the final suspension of clean cells in a hemacytometer) were suspended in 1 mL of ice-cold 98% high-performance liquid chromatography (HPLC)-grade methanol and 2% of 0.5 mol L 21 tetrabutyl ammonium acetate (TBAA, pH 6.5). The suspension was sonicated for 1 min on ice and then allowed to sit on ice for 1 h in the dark. After a second sonication, the suspension of lysed cells was centrifuged at 10,000 3 g for 5 min at 2uC. The supernatant was passed through a precleaned 0.2-mm syringe filter, and 0.4 mL of this extract was combined with 1.0 mL of 0.5 mol L 21 TBAA. Extracts were stored at 280uC until thawed for immediate HPLC analysis.
All solvents were of HPLC grade and sourced from Mallinckrodt Baker. Certified phytoplankton pigment standards were from DHI. All other chemicals were from Sigma. Pigments were separated on an end-capped Agilent Eclipse eXtra Defense Bonding C8 HPLC column (4.6 3 150 mm, 3.5 mm particle size; Agilent Technologies) using a Shimadzu HPLC (Shimadzu Australia) equipped with a single pump and solvent mixer, online degasser, refrigerated autosampler, column oven, and photodiode array (PDA) detector monitoring wavelengths 400-800 nm. The binary gradient method of Van Heukelem and Thomas (2001) Genotypic analyses-Portions of dinoflagellate samples frozen on day 0 and at the end of the Orpheus Island experiment were analyzed as follows to determine their genotypic affinity. Samples (approximately 1-2 mm 3 ) were frozen and thawed three times successively and then each was placed in a microtube with 750 mL of extraction buffer containing 100 mmol L 21 Tris (pH 9.0), 100 mmol L 21 ethylenediaminetetraacetic acid, 1% sodium dodecyl sulfate, and 100 mmol L 21 NaCl. The extraction tubes were vortex-mixed and incubated overnight at 60uC. The samples were then cooled on ice before adding 187.5 mL of 5 mol L 21 potassium acetate, vortex-mixed again, and incubated on ice for a further 10 min. The samples were centrifuged for 10 min at room temperature at 16,100 3 g and the supernatants were transferred to clean microtubes. Isopropanol (600 mL) was added to precipitate deoxyribonucleic acid and the samples were mixed by several gentle inversions. After a 5-min incubation at room temperature, the samples were centrifuged again for 15 min at room temperature at 16,100 3 g. The supernatants were carefully removed and the pellets washed by adding 150 mL of 70% ethanol, followed by gentle mixing and centrifuging as above for 5 min. The supernatants were removed and the pellets air-dried for 5 min. Samples were resuspended in 100 mL of 10 mmol L 21 Tris (pH 9.0). Polymerase chain reaction amplification of the internal transcribed spacer (ITS)1 region and genotypic determination from the amplicon was performed by single-stranded conformational polymorphic analysis following the method described in Ulstrup and van Oppen (2003) . Reference ITS1 samples of Symbiodinium genetic types C1, C2, and C3 were run in parallel with these samples.
Measurement of surface areas of coral nubbins-Experimental nubbins from the Orpheus Island colony from which the tissues had been stripped were cleaned in a dilute solution of commercial bleach, rinsed in deionized water, and dried in air. Following shipment to Orono, Maine, nubbins were dusted with talc to reduce light scattering and scanned using a high-definition, multilaser three-dimensional (3D) Scanner and ScanStudio TM software (version 1.1.0) from NextEngine. Surface areas were calculated by the ScanStudio software, which was empirically calibrated using a chalk cylinder of known surface area about the same size as the coral nubbins. The surface area of the nubbins was the divisor used to normalize the algal counts as an indicator of bleaching.
Statistical analyses-The effects over time for temperature increases and the addition of DFB on maximum photosynthetic efficiency (F v : F m ) measured in nubbins of S. pistillata were tested using mixed-effect-model ANOVAs that incorporated the random effect of replicate nubbin (every replicate nubbin in each condition was measured every day). Random effects were handled by an iterative restricted maximum likelihood (REML) approach that automatically corrected variances across interaction effects (SAS Institute 2002). For the Davies Reef experiment, the fixed effect of nubbin surface (illuminated top; shaded bottom) also was incorporated into the analysis. The statistical analysis of fixed effects in both experiments was conservative in that it considered all data beginning on day 0 (from which temperatures were increased), not only data taken when the final higher temperature actually was achieved 4 d later.
Numbers of dinoflagellates per square centimeter of nubbin surface, the amount of pigment per alga, and ratios of certain pigments in the four treatments (Low-SW, Low-DFB, High-SW, High-DFB) of the Orpheus Island colony were analyzed in two-factorial ANOVAs. Differences among the treatments were assessed using Tukey's honestly significant difference (HSD) multiple comparison tests.
The regression equations for the relationship between F m and F o on days 0, 14, and 19 were compared within each treatment of the Orpheus Island colony according to the method of Zar (1999), using Student-Newman-Keuls (SNK) multiple comparison tests. All other statistical analyses were performed using SAS Statistical Institute's JMP Statistical Discovery Software (version 5.0.1a, 2002) .
Results
Davies Reef colony-The bases of nubbins cut from the colony for this preliminary experiment did not quickly heal and become covered with new tissue. Thus, during the course of the daily manipulations of the nubbins, it became evident that endolithic algae or pigmented bacteria had invaded the exposed skeletal surfaces. Accordingly, PAM readings were restricted to more distal areas of the nubbins lacking obvious contamination by underlying endoliths. At the end of the experiment, the coral tissues were stripped from several nubbins and PAM fluorescence data were again acquired. Chlorophyll fluorescence in distal areas was determined to be minimal (typically , 5% of the prestripping value), which indicated that there was little or no contribution of fluorescence from invading endoliths to fluorescence measured distally in the living nubbins.
F v : F m in the endosymbionts in hospite remained relatively constant on the lower (shaded) sides of the horizontally suspended nubbins at both temperatures, with and without the presence of DFB (Fig. 1A) . Values for F v : F m varied between , 0.65 and 0.70, indicative of highly efficient PSII in all treatments. Photosynthetic efficiencies on the upper, light-exposed surface of the nubbins in the low-temperature treatments decreased only slightly (to , 0.63) with time and were not affected by DFB addition (Fig. 1B) . In contrast, F v : F m values decreased markedly on the upper nubbin surfaces after day 6 in both hightemperature treatments, especially with DFB added (Fig. 1B) .
Results of the least-squares model incorporating the random effect of replicate (nubbin number) on F v : F m are given in Table 1 . REML analysis indicated that the random effect (nubbin number) accounted for 14.6% of the total variance. Analysis showed a highly significant overall effect of the statistical model (F 95,480 5 14.068, p , 0.0001). Briefly, there were significant fixed effects of temperature, DFB, surface, and day of experiment, as well as relevant interactions. These interactions can be understood most clearly by comparing Table 1A with Fig. 1A ,B, which presents F v : F m values at low and high temperatures, with and without added DFB, and measurements taken on bottom and top surfaces. For example, the interaction of day 3 surface 3 temperature reflected the lack of temperature effect on the shaded bottom surface throughout the experiment, with a thermal effect emerging on the top surface only later in the experiment. Likewise, interacting day 3 temperature 3 DFB reflected the appearance of a thermal effect only late in the experiment, and the effect of DFB only at high temperature. The fourway interaction day 3 surface 3 temperature 3 DFB was not significant, but incorporating the random effect of individual nubbins did reveal a significant effect in this higher-level interaction, as shown in Table 1A .
Overall, the analysis clearly distinguished between the top and bottom surfaces of the nubbins under all conditions. Tukey's HSD tests grouped all treatments involving the shaded bottom surface as a series of overlapping means that could not be distinguished at p 5 0.05 (Fig. 1A ), but that were significantly different from all treatments involving the light-exposed top surface (Fig. 1B) . Means for the top surface at low temperature with and without added DFB, and the top surface at high temperature without DFB, constituted an overlapping series, but F v : F m in the illuminated top surface of nubbins at high temperature with DFB added was significantly lower than all other groups. This is seen in Fig. 1B , where F v : F m measured on the top surface of nubbins at high temperature with added DFB tended to be lower than the other treatments from day 8 onward.
Tukey's HSD tests on data for individual days revealed no significant differences (p . 0.05) among treatments on any day for the shaded bottom surfaces of nubbins. Similar tests on the top surfaces showed a fortuitous effect of designated temperature group (but not DFB) on day 0 (measured in the morning before the temperature was increased). Later in the experiment, on days 9 and 10, means of both low-temperature groups tended to be higher than the nubbins at high temperature with DFB, but the high-temperature group lacking DFB was intermediate and statistically bridged the means for the other groups. The overall analysis combined to show significant effects of elevated temperature and the presence of DFB, but only on the top, brightly illuminated surfaces of the nubbins (Fig. 1B) .
Similar analysis of pooled data measured on both the top and bottom surfaces gives the integrated response for the entire nubbin. Table 1B presents the results of this analysis, where the overall effect is highly significant (F 47,287 5 7.808, p , 0.0001). In this case REML analysis indicated that the random effect (nubbin number) accounted for 12.1% of the total variance. Again, there were significant fixed effects of temperature, DFB, and day of experiment, as well as relevant interactions. The interactions most clearly evident were day 3 temperature (i.e., F v : F m remained unchanged in all nubbins at low temperature throughout the experiment, but declined at high temperature late in the experiment: Fig. 1C ). Likewise, there was a clear interaction of temperature 3 DFB, where there was no effect of DFB at low temperature, only at high temperature (Fig. 1C) . Overall, the analysis discerned that F v : F m in the nubbins held at high temperature in the presence of DFB was significantly different from all other treatments, which were indistinguishable from each other by Tukey's HSD tests (Low-SW 5 Low-DFB 5 High-SW . High-DFB).
Owing to the differential response on the top and bottom surfaces, and the random effect of individual nubbins, there was no clear separation of the treatments on any day of the experiment for the combined surface measurements (Fig. 1C) . Only on days 9-11 did any heterogeneity emerge in multiple comparison tests, where nubbins at low temperature were indistinguishable, nubbins at high temperature with DFB tended toward a lower F v : F m value than the low-temperature treatments, and those treated at high temperature without DFB tended to be intermediate to these groups. Overall there was a significant effect of DFB that was manifested only at high temperature.
Orpheus Island colony-Failure of cut surfaces of other colonies of S. pistillata to heal quickly was the norm, not simply an effect of salinity stress in the Davies Reef colony. This may underlie the high frequency of colonies of this species that we have observed in the field that have been invaded by microbes. Therefore, sample preparation for the experiment with the Orpheus Island colony was modified to include sealing the cut surface, following the realization that endolithic algae had invaded the skeletons of nubbins cut from the Davies Reef colony of S. pistillata and in other colonies subsequently tested. Nevertheless, the experimental treatments gave qualitatively and quantitatively similar results to those obtained in the preliminary experiment with the Davies Reef specimen. Briefly, F v : F m did not change in corals at low temperature for the duration of the experiment. The effect of high temperature on photosynthetic efficiency was not evident until midway through the experiment, occurring a few days after the temperature had reached 30uC and exacerbated by the transition to 31uC, and being enhanced by the effect of DFB at high temperature only (Fig. 2) . Results of the least-squares model incorporating the random effect of replicate (individual nubbin identification) on F v : F m are given in Table 2 . There was a highly significant overall effect of the statistical model (F 63,576 5 33.032, p , 0.0001). REML analysis indicated that the random effect (nubbin number) accounted for 10.6% of the total variance. The fixed effects of day of the experiment and temperature, but not added DFB, were significant. There were, however, significant interactions between the other factors and DFB: day 3 DFB, temperature 3 DFB, and day 3 temperature 3 DFB, as well as day 3 temperature, as shown in Fig. 2 . Overall, mean values of F v : F m showed significant differences in Tukey's HSD multiple comparisons among all four treatments: Low-DFB . Low-SW . High-SW . High-DFB. The photosynthetic efficiency in the Low-SW nubbins tended initially to be lower than in Low-DFB nubbins for the first half of the experiment, thereby accounting for the overall significant difference between these treatments, but these means converged from day 10 onward. High-DFB-treated nubbins had the lowest F v : F m , but a decrease in F v : F m in those nubbins compared with the High-SW nubbins was not evident until the second temperature ramp (from 30uC to 31uC) was completed on day 14.
Analysis by day indicated that Low-DFB nubbins had F v : F m values that were significantly different from all other treatment groups on days 4 and 8, but that Low-SW and Low-DFB nubbins converged thereafter and remained statistically indistinguishable. F v : F m in High-SW and High-DFB nubbins were the same from days 10 to 17, and both were different from both groups of nubbins held at low temperature during that time. On days 18 and 19, after which the experiment was terminated, photosynthetic efficiency in High-DFB nubbins had declined significantly below all other treatments, while High-SW nubbins remained intermediate between High-DFB and both treatment groups at low temperature. Again, the random effect of replicate nubbin contributed to the large variance in F v : F m , especially for nubbins at high temperature. The relationship between F o and F m in individual nubbins in each treatment at day 0, day 14 (i.e., after 10 d at 30uC), and day 19 (at the end of the experiment, after a further 5 d at 31uC) is shown in Fig. 3 . In both lowtemperature treatments, i.e., with natural seawater (day 0: (Fig. 3A,B) . The intercepts of the regressions differed significantly among days within each low-temperature treatment, although over the range of the data the regression lines were essentially coincident (Fig. 3A,B) . In natural seawater at high temperature (Fig. 3C) , the regression lines were significantly translated downward over time, with no change in slope (day 0: F m 5 470.90 + 2.60F o , r 2 5 0.810, p , 0.001; day 14: F m 5 445.35 + 2.29F o , r 2 5 0.827, p , 0.001; day 19: F m 5 93.24 + 2.17F o , r 2 5 0.762, p , 0.001). In seawater at high temperature with added DFB (Fig. 3D) , a significant downward (clockwise) rotation of the curves was evident over time The NextEngine 3D scanner proved effective in creating a realistic 3D model and calculating the surface area of the cleaned skeletons of coral nubbins (Fig. 4) , with triplicate measurements of the surface area of individual skeletons being reproducible to within 1% of the mean (0.99%; range 0.21-3.10%, n 5 16). This system is more generally accessible than X-ray computed tomography (CT) scans using hospital-based equipment (Veal et al. 2010) , although CT equipment importantly also allows the scanning of living colonies (Laforsch et al. 2008) . The 3D laser scanner provides an accurate alternative to methods involving wax dipping or the manual photogrammetric approach to building a 3D model (Jones et al. 2008) , and the less accurate foil-wrapping method (Veal et al. 2010 ).
There were no significant effects of temperature or DFB on the number of dinoflagellates per square centimeter of coral surface area at the termination of the experiment conducted with nubbins from the Orpheus Island coral (F 3,12 5 3.391, p 5 0.054), where Tukey's HSD tests indicated a series of overlapping means in the four treatments (Fig. 5A) . The density of algal cells in all groups appeared to be lower (by about one-half) than for a reference group of nubbins sampled at the start of the experiment (day 0, not included in the statistical test). This probably was the result both of starving the nubbins (Ferrier-Pagès et al. 2003) during their 22 d of confinement in the experimental chambers, and of the higher irradiance used in the experiment than during the pre-experimental period.
Experimental treatment had a significant effect on the amount of pigment per algal cell at the end of the experiment for all components except for phaeophytin a (Fig. 5B) . In most cases, individual pigment content per cell was greatest in Low-SW nubbins, with lesser amounts in the Low-DFB treatment, which did not differ discernibly from either of the High-temperature treatments (Fig. 5B) . The exception was the xanthophyll (XP) diatoxanthin (DT) being most concentrated in the dinoflagellates in High-DFB nubbins, with the remaining groups being lower and statistically indistinguishable. No difference was detected among the treatments in the total amount of XP (diadinoxanthin, DD + DT) per cell. The proportion of XP pigments present as DT, DT/(DD + DT), was significantly greater in High-DFB nubbins than in all other groups. On the last day of the experiment, dark-adapted F v : F m of the pooled samples was inversely related both to DT/ (DD + DT) and to the ratio of the XPs DD + DT to total XP plus light-harvesting (LH) pigments (chlorophylls a and c 2 , and peridinin), i.e., F v : F m was also inversely related to XP/(XP + LH). Both relationships (shown in Fig. 6A and B, respectively) are highly significant: Analysis of the ITS1 region showed that the symbiotic dinoflagellates isolated from nubbins of the Orpheus Island colony on day 0 and at the end of the experiment belonged to the highly diverse clade C prevalent among populations of S. pistillata and related corals (Sampayo et al. 2007 ), but did not correspond to any of the subcladal standards (C1, C2, C3) available to us. Only a single cladal type was detected, and this population did not change during the experimental treatments. Fig. 3 . Relationship between F m and F o in nubbins cut from the Orpheus Island colony on days 0, 14, and 19 in the four experimental treatments. Data points are for all individual measurements on all nubbins on each day. There were no significant differences among the slopes of the regressions (SNK test, p . 0.05) in panels A, B, and C. In panel A, the elevations (intercepts) of all regressions differed significantly from each other (SNK, p , 0.001) in the sequence day 0 . day 14 . day 19. In panel B, the elevations (intercepts) of all regressions differed significantly from each other (p , 0.001) in the sequence day 0 . day 19 . day 14. In panel C, the elevations (intercepts) of all regressions differed significantly from each other (p , 0.001) in the sequence day 0 . day 14 . day 19. In panel D, the slopes of the regressions all differed significantly from each other in the sequence day 0 . day 14 . day 19, where all comparisons involving day 0 were significant at p 5 0.001 and day 14 vs. day 19 was different at p 5 0.05.
Discussion
The phenomenon of coral bleaching is thought to stem from overwhelming oxidative stress induced by overreduction of PSII in symbiotic dinoflagellates, resulting in elevated ROS damage to the photosymbionts and their coral host. However, nonuniform spatial patterns of reef bleaching under similar light and temperature conditions indicate that the threshold for catastrophic oxidative stress varies among corals. Although these differences may be attributed in part to the presence of dinoflagellate clades having dissimilar bleaching tolerances (LaJeunesse et al. 2008) , including their ability to avoid or mitigate oxidative stress, it also is possible that spatial differences in oceanographic conditions influence the trace-metal nutrition of corals and thus the ability of the endosymbionts to produce critical antioxidant enzymes. Iron is required for a vast array of metabolic processes that include photosynthesis and antioxidant enzymic defenses, and evidence that iron may become limiting in coral reef environments (Sakka et al. 1999 ) makes it a promising candidate to begin assessing the involvement of trace-metal nutrition in the onset of coral bleaching.
The fluorescence ratio (F v : F m ) in dark-adapted cells is a measure of the maximum quantum efficiency of PSII photochemistry (Kitajima and Butler 1975) , which depends on the efficient transfer of excitation energy to the reaction centers and on functional and open reaction centers (Greene et al. 1992) . Despite concerns that much of the theoretical groundwork for interpreting the dark-adapted quantum yield of PSII derives from studies of higher plants and may not reflect the physiological variability one is likely to encounter in symbiotic dinoflagellates (Warner 2005) , measurement of F v : F m remains one of the primary tools for assessing algal stress responses. There also is evidence that dark reduction of the plastoquinone pool, which increases the minimum fluorescence yield (F o ), is active in corals and can cause artificially low estimates of the true maximum quantum yield of PSII (K. Asada pers. comm. 2001; Hill and Ralph 2008) . However, these considerations are secondary here because all of our fluorescence measurements were preceded by uniform (overnight) dark-exposure periods, and we used F v : F m as a relative measure of stress effects among the treatments.
The dark-adapted quantum yield of photochemistry remained high (, 0.65-0.70) in our experiments at low temperature (with and without DFB) on both the Davies Reef and Orpheus Island colonies of S. pistillata (Figs. 1,  2 ). These levels of quantum yield are very near the theoretical maximum efficiency for PSII in dinoflagellates inhabiting corals (Jones and Hoegh-Guldberg 2001) , indicating that the symbiotic dinoflagellates remained in good health at the lower temperature over the duration of both experiments. In contrast, the sharp decrease in photochemical efficiency at elevated temperature with and without DFB (Figs. 1, 2) illustrates a significant impairment of the energy transfer to carbon fixation relative to that at lower temperature, consistent with the effect of high temperature on photoinhibition in plants (Hurry and Huner 1992) and phytoplankton, in the latter particularly in conjunction with trace-metal limitation in stratified surface waters (Falkowski and Raven 2007) .
At face value, this loss of efficiency may signify increases in some component of NPQ (Hill et al. 2005 ) of light energy dissipated as heat to decrease energy flow into photosynthesis (i.e., photoprotection), or it may represent oxidative damage to PSII associated with increased ROS production (i.e., photoinhibition), or some combination of both.
The progressive decrease in quantum yield with the duration of experimental thermal stress is similar to chronic photoinhibition observed in other long-term studies of experimental bleaching of corals (Warner et al. 1996 (Warner et al. , 1999 Berkelmans and van Oppen 2006) . It also is fully consistent with short-to intermediate-term experiments conducted with S. pistillata (Jones et al. 1998; Bhagooli and Hidaka 2003; Fitt et al. 2009 ). Such a decrease is seen likewise in field populations of corals during the summer, indicating the natural seasonal peak of thermal and photic stresses (Warner et al. 2002; Franklin et al. 2006 ), a trend that under severe stress can culminate in catastrophic bleaching. Moreover, the thermal stress on F v : F m was evident only on the upper, brightly illuminated surface of nubbins taken from the Davies Reef colony and not on the lower, shaded surface of these nubbins (Fig. 1A,B) , similar to results reported by Jones et al. (1998 ), Brown et al. (2000 , and Warner and Berry-Lowe (2006) , each of which were obtained under bright as opposed to dim incident illumination. All of these results demonstrate the importance of light, which itself may evoke bleaching (Starcevic et al. 2010) , to the thermal stress response of corals.
An important extension to previous experimental studies of coral bleaching is our revelation that limiting iron availability to S. pistillata by treatment with DFB clearly exacerbates the effect of high-temperture stress on the maximum potential quantum yield of PSII (Figs. 1, 2) . The implication is that the degree of coral stress in natural Successive views (120u rotation between each) of the 3D model of the cleaned skeleton of the same nubbin prepared from 12 successive scans (30u between each) using the NextEngine 3D multiple laser scanner and ScanStudio software. The patch of waterproof epoxy is visible at the base of this nubbin; this was digitally removed from the model using the application software before calculating the living surface area (14.492 cm 2 in this example) used to normalize the surface tissue density of dinoflagellates in each nubbin. environments under high light and temperature may be modulated by trace-metal nutrition. The effect of iron limitation is well known from studies of eukaryotic phytoplankton and cyanobacteria, and our work extends such findings to coral symbionts in hospite.
Of particular note is that although iron limitation in phytoplankton impairs the electron transport capacity of PSII (Kolber et al. 1994 ), this effect is exacerbated by lowlight conditions that necessitate photoacclimation and increase iron requirements for added synthesis of chlorophyll and PSII constituents (Sunda and Huntsman 1997) . The opposite response was observed in S. pistillata, indicating that the effects of iron stress in its endosymbionts stemmed less from insufficient electron transport capacity than from secondary processes associated with PSII, such as increased oxidative stress.
Unlike the case in phytoplankton, there was no effect of DFB on F v : F m in symbiotic dinoflagellates at physiologically benign temperatures (Figs. 1, 2) . It may be that the iron reserves of the endosymbionts are sufficient to enable normal photosynthesis and control of oxidative stress at low temperatures, but that the increase in ROS production with temperature, related among other things to the destabilization of membranes where PSII is located (Tchernov et al. 2004) , exceed the capacity for acclimatization. The key factor here may be the extremely low growth rates of zooxanthellae in hospite, which are on the order of 0.1 d 21 , so that there simply is not a high Fe requirement for growth, unlike pelagic phytoplankton. One can imagine that this will reduce the need for Fe uptake to minimal values. Also, these corals were maintained at low irradiance before the experiment, resulting in high concentrations of most pigments (Fig. 5B) , so that redistributions of Fe from degraded photosystems under high light conditions would provide an additional Fe resource, enabling the cells to maintain high photosynthetic efficiency as long as ROS production did not exceed some threshold. As would be expected, even at low temperature the addition of DFB to the seawater in which the corals were incubated led to lower cellular concentrations of these pigments (Fig. 5B) .
The decreases in F v : F m during iron starvation of marine phytoplankton at high irradiances are accompanied by decreases in chlorophyll a, increases in XPs, and alteration of the ratio of DT to the total of DT + DD (Greene et al. 1992; Geider et al. 1993; van de Poll et al. 2009 ). Adding DFB to the warm seawater bathing S. pistillata induced similar changes in its dinoflagellates in hospite, including a lower cellular content of LH pigments (chlorophylls a and c 2 , and peridinin) and of b-carotene (Fig. 5B) . Although the depletion of pigmentation also occurred at elevated temperature in the absence of DFB, as reported in other experimental studies of coral bleaching, iron limitation exacerbated the effect and caused substantial increases in DT/(DD + DT) at high temperature. In corals this increase in the conversion of DD to the photoprotective deepoxidated form, DT (Ambarsari et al. 1997; Brown et al. 1999; Warner and Berry-Lowe 2006) , results in higher quenching of singlet chlorophyll by NPQ in the algae, typically to avert photo-oxidative damage (Casper-Lindley and Bjö rkman 1998).
However, NPQ in corals, including S. pistillata, typically causes decreases in F o (Krause 1988; Jones and HoeghGuldberg 2001) , and although there was a wide range of variability in F o in all treatments on all days in our experiment, it did not differ among experimental treatments (Fig. 3) . Nevertheless, changing the chemical speciation of iron in the seawater to less available forms clearly caused changes in pigmentation consistent with a photoprotective response in the symbionts to reduce photosynthetic performance (i.e., decrease F v : F m ) under ironlimiting conditions. Although increases in DT/(DD + DT) are consistent with NPQ decreasing quantum yield of fluorescence at high temperatures, the observed changes in the relationship between F m and F o (Fig. 3) indicate that photodamage may also have contributed to the changes in PSII photochemistry. At low temperature in the presence or absence of DFB, F m increased linearly with increasing F o on days 0, 14, and 19 of the incubation, with no substantial change in slope and with essentially coincident regression lines (Fig. 3A,B) , and thus no observable change in photochemical efficiency [(F m 2 F o )/F m ]. In contrast, after 19 d at elevated temperature, values for F m decreased with only minor changes in F o , a pattern that was markedly exacerbated by the presence of DFB at elevated temperature (cf. Fig. 3C,D) . Greene et al. (1992) found that Fe limitation in a marine diatom and a unicellular chlorophyte inhibited the synthesis or assembly of the cytochrome b6/f complex responsible for coupling electron transport between PSII and PSI to proton translocation across the thylakoid membrane. The result was overreduction of the plastoquinone pool that not only impeded the efficient transfer of electrons from PSII to PSI but also likely increased the production of ROS, which can degrade the D1 protein in PSII (Richter et al. 1990; Setlik et al. 1990 ).
Characteristically, the foregoing photoinhibition process results in a marked decline in maximal fluorescence (F m ) with a smaller decrease in F o , similar to what we observed in the symbiotic dinoflagellates of S. pistillata in the hightemperature DFB treatment (Fig. 3D) . The implication, then, is that the observed decreases in photochemical efficiency under high temperature and lowered iron availability resulted from both the energy dissipation associated with higher XP-derived NPQ and an increased damage to PSII reaction centers. Direct measurements of photosynthesis, components of NPQ (which may involve down-regulation of the photosynthetic apparatus without the involvement of XPs: Hill et al. 2005) , and photodamage would be required to confirm and quantify the changes in these parameters in the symbiotic dinoflagellates of S. pistillata under the combined stress of high temperature and reduced iron availability.
The marked shift in XP poise toward photoprotection under the added stress of iron limitation (Fig. 5B ) may indicate an additional, compensatory defensive role of DT-perhaps as a carotenoid stabilizer of thylakoid membranes as suggested by Dove et al. (2006) or, in view of the lowered concentrations of b-carotene, as a supplementary antioxidant to detoxify ROS directly under conditions of chronic photo-oxidative stress, rather than just a quencher of excess energy in excited chlorophyll (Havaux and Niyogi 1999; Dove et al. 2006; Warner and Berry-Lowe 2006) . The last-named authors likewise note ''relatively static and high levels of diatoxanthin'' in Acropora cervicornis throughout the day and suggest an additional role for DT as an antioxidant other than just quenching singlet chlorophyll. In our data, the increase in XP ratio after 19 d in all experimental groups regardless of temperature or DFB treatment compared with the reference group on day 0 (Fig. 5B ) may include the response to a greater photo-oxidative challenge at the higher irradiance (150 mmol photons m 22 s 21 ) during the experiment than during shade acclimation in pre-experimental maintenance (50 mmol photons m 22 s 21 ).
Accordingly, the relative responses of F o and F m and the apparent shift in XP balance together indicate an increase in potential or actual oxidative stress associated with overreduction of PSII. As noted above, our findings suggest that the larger decrease in F v : F m under iron starvation at elevated temperature (Figs. 1, 2) results from both increased NPQ and damage to PSII. This result is consistent with, but does not confirm, the view that antioxidant metalloenzymes in coral symbioses may also be compromised, as in iron-deficient phytoplankton (Peers and Price 2004; Allen et al. 2007) .
It is important to note that we designed our two experiments in each case using multiple replicate nubbins from a single coral colony to minimize experimental variability among different genotypes (cf. Shick and Dowse 1985) . The nubbins were chosen to provide an adequate representation of any regional physiological differences within each colony (Csá szá r et al. 2009 ). This study design is appropriate to assess the physiological responses of individual colonies to iron limitation but cannot fully represent the broader metabolic response in the coral population (Crawford and Oleksiak 2007) , which may involve genotypic variation in the defensive responses in S. pistillata. The latter goal would require the testing of multiple coral and endosymbiont genotypes simultaneously, with multiple replicates of each, which was logistically prohibited by the requirements for many closed chambers and extensive space in water baths to contain them for such an experiment. Therefore we opted to maximize replicates from a single colony in each experiment to maximize analytical robustness for these two hologenotypes from different reefs. Still, our within-colony results were unexpectedly variable, and similar to the intraclonal variation in the oxidative stress response observed by Csá szá r et al. (2009) . Nevertheless, our results for F v : F m were qualitatively and quantitatively identical in both experiments using different individual colonies from the mid-shelf Davies Reef and the inshore Orpheus Island. These consistent findings indicate that the increased environmental stress induced by iron limitation at elevated temperature may be a general phenomenon affecting colonies of S. pistillata in the central region of the GBR. Further experiments with diverse corals are required to validate this assertion, particularly in view of the salinity stress experienced by the Davies Reef colony before the experiment.
Although there is a growing consensus that oxidative stress is a unifying proximal cause of coral bleaching (Lesser 2006) , the fundamental processes whereby ROS production overwhelms the capacity of the antioxidants in the algae have not been elucidated (Smith et al. 2005) . Our results show that decreasing iron availability in seawater surrounding S. pistillata affects the corals by decreasing photochemical efficiency in their endosymbionts, owing likely both to NPQ protection and to photodamage to PSII-effects that presage coral bleaching. This effect of iron limitation also occurs in free-living phytoplankton (Geider et al. 1993; Kolber et al. 1994) , suggesting that low dissolved iron concentrations in reef waters may affect corals there and contribute to natural coral bleaching. Moreover, given both that phytoplankton exhibit the capacity for ''luxury'' iron uptake under replete conditions (Sunda and Huntsman 1995) and little reason to speculate that Symbiodinium spp. lack this capability within the coral holobiont, spatial distributions of coral bleaching may be linked in part to the recent local history of oceanographic conditions affecting metal transport to reef environments.
